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The electronic transport of epitaxial graphene on silicon carbide is anisotropic because of 
the anisotropy of the surface structure of the substrate. This letter presents a new method 
for measuring anisotropic transport based on the van der Pauw method. This method can 
measure anisotropic transport on the macroscopic scale without special equipment or 
device fabrication. We observe an anisotropic resistivity that has a ratio of maximum to 
minimum values of 1.62. The calculated maximum mobility is 2876 cm2·V-1·s-1, which is 
1.43 times higher than that obtained with the standard van der Pauw method. 
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Graphene, a single atomic sheet of graphite, has attracted much attention because of its 
extraordinary properties.1,2) In particular, its mobility of 200,000 cm2·V-1·s-1 is higher than 
that of any other material3), which makes it a desirable material for making ultra-fast 
transistors.4) Producing large-area and high-quality graphene is required to support future 
industrial manufacturing. Thermal decomposition of silicon carbide (SiC) is the only 
method that can produce wafer-scale single-crystal graphene.5) In this method, the SiC 
substrate is annealed in an ultra-high vacuum6) or argon atmosphere.7) Silicon atoms 
sublimate from the surface of the SiC substrate, and graphene is grown on the SiC 
substrate epitaxially.8) The CVD method9) can also obtain large area-graphene; however, 
the resulting graphene is polycrystalline. Furthermore, SiC is a semi-insulator, and 
graphene on SiC can be used for electronic devices10) without being transferred to another 
substrate, as in the case with CVD graphene on metal. 
Graphene on SiC is grown on step-terrace structures11–13), which cause anisotropic 
resistivity. In GaN14) and GaAs15), anisotropic transport by step-terrace structures is 
observed by using device structures such as Hall bars and FET patterns. Similarly, in 
graphene on SiC, the transport characteristics are measured by using the device structure.16) 
Odaka et al. discussed the electronic transport in the directions parallel and perpendicular 
to the steps by fabricating FETs on the surface of the graphene.17) However, device 
fabrication influences the transport characteristics of graphene, and it is difficult to 
measure the dependence of the transport on angle in detail. Yakes et al. reported the 
microscopic transport anisotropy using an ultra-high vacuum (UHV) four-probe scanning 
tunneling microscope (STM).18) Nevertheless, the measurement is microscopic and 
requires expensive and complicated equipment.  
In this letter, we discuss our new measurement method, which is based on the van der 
Pauw method for determining transport anisotropy.19) The van der Pauw method is a 
technique that measures the electronic transport properties of thin semiconductor materials. 
In this method, device fabrication is not needed. This is very advantageous because 
graphene is sensitive to the processes used to fabricate devices, such as the resist process in 
photolithography. The method based on the van der Pauw method is a nondestructive 
measurement for a given device area and provides macroscopic information about an entire 
sample. Moreover, this method requires no special equipment. In previous work20), the van 
der Pauw method using four probes had been used for anisotropic resistivity measurements 
in the parallel and perpendicular directions. Here, the detailed angular dependence of the 
anisotropic resistivity will be discussed. 
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Figure 1(a) shows the arrangement of probes of the standard van der Pauw method for 
a square sample. Four probes are placed at the corners of the square. First, the currents Iρ1 
and Iρ2 are applied to the sides of square to perform a resistivity measurement. Second, the 
current IH is applied in the diagonal direction to perform a Hall voltage measurement. The 
direction of the current Iρ1 is perpendicular to the direction of the current Iρ2. Therefore, the 
anisotropic resistivity of the sample is canceled. The conventional method has the 
limitation that it must be applied to an isotropic sample. Therefore, the standard van der 
Pauw method can not measure the anisotropic transport properties of graphene on SiC. For 
this reason, we improved the standard van der Pauw method, resulting in a new method 
that we call the aligned van der Pauw method, which can measure anisotropic samples.  
Figure 1(b) shows the arrangement of probes employed in the aligned van der Pauw 
method. Each side of the square is divided into N parts, and four probes are placed on the 
edge of the sample. The positions of the probes at the corners are labeled A1–D1, and 
moving from each of these positions to the next clockwise location (where these probe 
locations are marked by circles in Fig. 1(b)), the other probe positions are labeled An–Dn 
(where n = 1, 2, 3,… N). The measurement is carried out with these four probes at each of 
the sets of locations An–Dn. The measurements of the resistivity and Hall voltage using the 
four probes are repeated N times (once for each of the N distinct probe configurations). The 
distinctive feature of the aligned van der Pauw method is the calculation method employed 
after the measurement. The direction of the current used for calculating resistivity and that 
for calculating the Hall voltage must be almost aligned with each other. For example, in 
the case shown in Fig. 1(b), the resistivity is calculated by using a pair of currents Iρ1 and 
Iρ2 of the same angle. Then, the Hall voltage must be calculated by using a current IH that 
has a similar direction. Thereby, the anisotropic resistivity is not canceled, and the intrinsic 
resistivity and mobility are calculated. In this letter, we divide the side of the sample into N 
= 4 segments. We defined the direction of the current for measuring the Hall voltage (the 
Hall measurement current angle) as θ and a side of the sample as θ = 0°. The angles of the 
measurement are between 90° and -90°. In addition, we note that the current polarity is 
changed to reduce the measurement error, and each resistivity value is calculated by using 
four measured resistance values. 
We compared the aligned van der Pauw method to the standard van der Pauw method 
with the same sample. The sample was fabricated from a 4H-SiC(0001) substrate 
manufactured by Cree Inc., and was diced into exact squares of size 10 × 10 mm by stealth 
dicing.21) The direction of θ = 0° is <11
-
00>. The annealing condition is 10 minutes at 
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1620 °C under a pressure of 100 Torr in an argon atmosphere. The sample was identified 
by an atomic force microscope (AFM) and a Raman spectroscope.22) The sample was 
covered with single-layer graphene and was homogeneous on the scale of the wafer. For 
the probes, we used the Ecopia SPCB-01; we used a Keithley 2430 as the measurement 
instrument and a pair of neodymium magnets to apply the magnetic field. The applied 
magnetic field had a strength of 261 mT.  
Figure 2 shows the comparison of resistivity between the aligned van der Pauw method 
and the standard van der Pauw method. The resistivity was measured by the standard van 
der Pauw method and was found to be almost constant. As explained above, the anisotropy 
of the resistivity is canceled in this scheme. In contrast, the anisotropy of the resistivity 
could be measured by the aligned van der Pauw method. The resistivity took its maximum 
value of 1.20 × 10-4 Ω·cm at 45°, and the corresponding minimum was 7.40 × 10-5 Ω·cm at 
-45°. The topographical image from the AFM suggests that the resistivity tends to the 
minimum value when the current is parallel to the steps, and the maximum occurs when 
the current is perpendicular to the steps. This result corresponds with that of Odaka et al.17) 
The curve was computed based on the results of calculations with the SPICE (Simulation 
Program with Integrated Circuit Emphasis) software package.23) In this simulation, two 
types of resistors are connected with each other, forming a lattice. These resistors play the 
roles of step and terrace, thus reproducing the step-terrace structure. Versnel24) reported 
that the shape effect of the resistivity in the van der Pauw method can be neglected for 
squares. Therefore, this result of resistivity does not include the shape effect, and the 
intrinsic resistivity can be measured. 
Figure 3 shows a comparison of values of the factor f, which is a dimensionless 
function of only the measured resistance values. In Fig. 3, according to the van der Pauw 
method19), the values of f are given by the expression 
 𝑓 ≈ 1 − !!!!!!!!!!!!!! ! !" !! − !!!!!!!!!!!!!! ! !" ! !! − !" ! !!" ,          (1) 
 
where the resistance value is calculated from the current and the voltage in Fig. 1 (Rρ1 = 
Vρ1/Iρ1 and Rρ2 = Vρ2/Iρ2). Under the arrangement of probes shown Fig. 1(b), this f is one 
when the sample and measurement are ideal. The value of f in the standard van der Pauw 
method is below one (having an average of 0.977) because the sample is anisotropic. In 
contrast, the value of f in the aligned van der Pauw method is stable and exactly one (with 
an average of 1.00) because the sample is exactly square and the thickness of the graphene 
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film is highly uniform over the entire sample. Hence, this result also indicates that the 
aligned van der Pauw method can measure the anisotropic resistivity correctly. 
Figure 4 shows the mobility and sheet carrier density in the aligned van der Pauw 
method. The curve is obtained by using the simulated resistivity (see Fig. 2) and the 
average of the measured sheet carrier density. In the standard van der Pauw method, the 
average of the mobility was 2009 cm2·V-1·s-1. By contrast, in the aligned van der Pauw 
method, the maximum mobility is 2876 cm2·V-1·s-1 at -45°. The estimates resulting from 
these two methods therefore differ by a factor of 1.43. Consequently, in contrast to the 
resistivity, the mobility takes its maximum value when the current is parallel to the steps, 
and the minimum occurs when the current is perpendicular to the steps. It is clear that the 
mobility of graphene on SiC is underestimated when it is measured by using the standard 
van der Pauw method. The sheet carrier density is the same in both methods because both 
methods use the same arrangement of probes. 
Finally, we note that modifying the shape of the device to circular can allow more 
precise measurements to be performed. If the sample is round, the measurement angle is 
easily determined. In this method, probes are required to be placed every 45°, and a larger 
value of N (e.g., 10, 18, and 30) should be employed for more precise measurement. 
Thereby, the angle of the current used to measure the resistivity becomes just the same as 
that for the Hall voltage. For example, in the case of N = 18 (72 probes) and a sample 
diameter of 10 mm, the probe pitch should be approximately 436 µm. A special instrument 
with multiple probes to implement the aligned van der Pauw method will be realized to 
allow efficient measurement. 
In conclusion, we proposed a new method called the aligned van der Pauw method for 
performing anisotropic resistivity measurements. The anisotropy of the resistivity is 1.62 
times the ratio between maximum and minimum for monolayer graphene on SiC. The 
calculated anisotropic mobility is 2876 cm2·V-1·s-1 at maximum. The results of the 
measurement prove that our aligned van der Pauw method is a useful means of measuring 
an anisotropic material such as graphene on SiC with a step-terrace structure. Being able to 
perform such measurements simply, quickly, and easily by using the aligned van der Pauw 
method will facilitate the application of graphene to future electronic devices. 
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Figure Captions 
Fig. 1. (Color online) Schematic of the arrangement of probes for a square 
sample. (a) Standard van der Pauw method. (b) Aligned van der Pauw method.  
 
Fig. 2. (Color online) Comparison of the dependences of the measured resistivity 
on the Hall measurement current angle for the standard and aligned van der Pauw 
methods. The red solid line is the simulated step-terrace resistivity. The inset is a 
topographical image of the sample from the AFM. 
 
Fig. 3. (Color online) Comparison of the factor f (a dimensionless function of 
only the measured resistance values) under the standard and aligned van der 
Pauw methods. 
 
Fig. 4. (Color online) Dependences of the mobility and sheet carrier density on 
the Hall measurement current angle in the aligned van der Pauw method. The red 
solid line is the simulated results obtained by using SPICE. 
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